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INTRODUCTION 


The University of Alabama in Huntsville has provided instrument design and 
data analysis expertise in support of several of MSFC's space radiation monitor- 
ing programs. The Verification of Flight Instrumentation (VFI) program at NASA 
included both the Active Radiation Detector (ARD) (Principal Investigator: Dr. 

T. A. Parnell) and the Nuclear Radiation Monitor, (NRM), (Principal investiga- 
tor: Dr. G. J. Fishman). The subject contract at UAH has provided design, par- 

tial fabrication, calibration and partial data analysis capability to the ARD 
program; and detector head design and fabrication, software development and par- 
tial data analysis capability to the NRM program. 

The ARD flew on Spacelab-1 in 1983, performed flawlessly and was returned to 
MSFC after flight with unchanged calibration factors. The NRM, flown on 
Spacelab-2 in 1985, also performed without fault, not only recording the ambient 
y-ray background on the Spacelab, as it was designed to do, but also recording 
radiation events of astrophysical significance. 



RESULTS 


1 . The Nuclear Hadiation Monitor 

A Nuclear Radiation Monitor (NRM) was flown as part of the verification 
instrumentation on the Spacelab 2 mission, July 29 - August 6, 1985. The moni- 
tor is a 12.7 cm diameter, 12.7 cm thick Nal(Ti) scintillation detector sur- 
rounded by a charged particle detector. The NRM, mounted on a pedestal near the 
rear of the payload bay, has a nearly omnidirectional response. Gamma rays are 
detected with high efficiency over the energy range 0.06 to 30 MeV. The monitor 
operated throughout most of the mission, recording spectra every 20 seconds and 
counting rates in coarse energy bands on finer timescales. 

The gamma radiation environment on Spacelab consists of cosmic-ray and 
trapped proton secondary radiation in the Spacelab/Shuttle , Earth albedo 
radiation, and delayed induced radioactivity in the detector and surrounding 
materials. Passages through the South Atlantic Anomaly protons produce a well- 
defined background enhancement. Episodes of greatly increased background due to 
trapped electrons are seen on many passes through high latitudes. This back- 
ground has a soft spectrum, characteristic of bremstrahlung radiation. These 
enhancements often have complex temporal structure. 

Many experiments bn future Shuttle missions and other low-Earth orbit mis- 
sions are sensitive to the ambient radiation environment. The Nuclear Radiation 
Monitor (NRM) was designed to measure various components of this environment on 
an early Shuttle/Spacelab mission. The primary objective of the instrument was 
to monitor the omnidirectional gamma-ray, proton, electron, and neutron fluxes 
over a wide energy range in the payload bay. These measurements are made in 



conjunction with a more comprehensive, multifaceted program to characterize the 
Shuttle/Spacelab radiation fluxes and dosages. Data from the NRM will be made 
available to experimenters for the analysis and interpretation of their data 
and for the design of future Spacelab experiments. 

1 .a. Background Gamma Radiation on Spacelab-2 

The NRM operated throughout the mission and has provided a comprehensive 
time history and spectra data base for the entire flight. Gamma ray count-rates 
in various energy ranges, and coincidence count rates with the plastic scin- 
tillator shield (providing charged-particle count rates) have been analyzed. 
Variation with geomagnetic latitude and with such features as the south Atlantic 
anomaly and electron precipitations have been reported. This data was presented 
in a paper delivered by Dr. Paciesas at the 27th Plenary session of COSPAR at 
Toulouse, France, June 30 - July 12, 1986. A written version of this paper will 
appear in Advances in Space Research during 1987. The manuscript is reproduced 
in Appendix A of this report. 

1 -b. Gamma-Ray Burst-Observed with the NRM 

A strong gamma-ray burst fortuitously recurred during the Spacelab-2 mission 
and was detected and recorded by the NRM. A preliminary report of this observa- 
tion was presented by Dr. G. J. Fishman at the Toulouse COSPAR meeting. 

Appendix B contains the written version of this paper entitled "Observation of 
a Strong Gamma Ray Burst on the Spacelab 2 Mission" to appear in 1987 in 
Advances in Space Research . 



2 . The Active Radiation Detector 


Two tissue-equivalent integrating ion chambers and two xenon-filled propor- 
tional counters provided differential measurement of adsorbed dose and of par- 
ticle count-rate for the Spacelab-1 mission. The record was not continous 
because of drop-outs in the data system. However data was obtained for 54% of 
the mission and sufficient orbital coverage was obtained to allow estimation of 
the total mission dose. These data have been combined with that from passive 
detectors flown by other investigators at MSFC and the VSF in the same mission. 
Papers presented by our coworkers including the ARD data were presented at the 
AIAA Meeting on Shutttle Environment and Operations, Houston TX November 1985 
and at the 27th Plenary Meeting of COSPAR in Toulouse, France July, 1986. These 
two papers are reproduced in Appendices C of this report. The latter paper will 
appear in Advances in Space Science . 1987. 
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Abstract 


A Nuclear Radiation Monitor (NRM) was flown as part of the 
verification instrumentation on the Spacelab 2 mission, July 29 - 
August 6, 1985. The monitor is a 12.7 cm diameter, 12.7 cm thick 
Nal(Ti) scintillation detector surrounded by a charged particle 
detector. The NRM, mounted on a pedestal near the rear of the 
payload bay, has a nearly omnidirectional response. Gamma rays 
are detected with high efficiency over the energy range 0.06 to 
30 MeV. The monitor operated throughout most of the mission, 
recording spectra every 20 seconds and counting rates in coarse 
energy bands on finer timescales. 

The gamma radiation environment on Spacelab consists of 
cosmic-ray and trapped proton secondary radiation in the 
Spacelab/Shuttle , Earth albedo radiation, and delayed induced 
radioactivity in the detector and surrounding materials. 

Passages through the South Atlantic anomily protons produce a 
well-defined background enhancement. Episodes of greatly 
increased background due to trapped electrons are seen on many 
passes through high latitudes. This background has a soft 
spectrum, characteristic of bremsstrahlung radiation. These 
enhancements often have complex temporal structure. 



INTRODtX:TION 


Many experiments on future Shuttle missions and other low- 
Earth orbit missions are sensitive to the ambient radiation 
environment. The Nuclear Radiation Monitor (NRM) was designed to 
measure various components of this environment on an early 
Shuttle/Spacelab mission. The primary objective of the 
instrument was to monitor the omnidirectional qamraa-ray, proton, 
electron, and neutron fluxes over a wide energy range in the 
payload bay. These measurements are made in comj unction with a 
more comprehensive, multi-faceted program to characterize the 
Shuttle/Spacelab radiation fluxes and dosages (Parnell et al . , 
1986). Data from the NRM will be made available to experimenters 
for the analysis and interpretation of their data and for the 
design of future Spacelab experiments. 


EXPERIMENT 

The Nuclear Radiation Monitor (NRM) was flown in the payload 
bay of the Space Shuttle Challenger from July 29 to August 6, 
1985, as part of the Spacelab 2 verification flight 
instrumentation. It operated continuously during the orbital 
portion of the flight. The Spacelab 2 mission had an orbital 
inclination of 49.5* and an altitude which varied between 290 km 
and 327 km during the flight. 

The primary elements of the NRM detector assembly are shown 
in Figure 1. The NRM central detector is a 12.7 cm diameter, 

12.7 cm thick Nal(Tji) scintillation crystal coupled to a 12.7 cm 



scintillator, above a threshold of approximately 800 keV. Counts 
in these sixteen channels are accumulated in 8-bit scalers and 
read out every 5.25' ms. There are data gaps of 2.016 s duration 
every 20.16 s due to limitations of the data system. 

A total of six spectra are accumulated for 18.144 s and read 
out every 20.160 s. Spectra of three different dispersions are 
accumulated from the central detector in coincidence with pulses 
from the plastic detector and three in anticoind icence with the 
plastic detector. The approximate dispersions are 1.5, 15, and 
150 keV/channel in each spectrum of 510 channels. 

The data system for the NRM represented the first use of the 
Spacelab Payload Standardized Modular Rlectronics (SPSME) 
components. These modules are CAMAC-compatible , space qualified 
electronics that can be configured and programmed for a variety 
of experiments and include appropriate interfaces to the Spacelab 
command, data, and power systems. The SPSME modules utilized for 
the NRM included a high rate multiplexer interface, a remote 
aquisition unit interface, a proqrammable crate controller, a 
time interface module, an auxilary memory module, an ADC module, 
and a power supply module. The total data rate from the 
NRM/SPSME was 24.381 kbps. 

PRELIMINARY RESULTS 

A portion of the data containing a strong gamma ray burst 
has been analyzed in some detail and the results are reported 
elsewhere (Fishman et al., 1986). Analysis of the remaining data 
has been oriented toward development of a comprehensive tiine 
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The remaining enhancements in Figure 2 represent background 


variations due to trapped electrons. Those are only seen at high 
latitudes and have . relatively soft spectra, as they are not 
prominent in the higher energy gamma ray channel. The gamma rays 
represent bremsstrahlung from the electron interactions in the 
atmosphere and the spacecraft. For the events in Figure 2, the 
electrons are not detected directly in the charged particle rate, 
probably due to the spacecraft orientation, since in other cases 
the charged particle rate has been seen to increase in 
coincidence with the soft-spectrum gamma ray rate increases. 

Another feature of the electron events is the frequent 
occurrence of variations on timescales as short as 1 s, much 
faster than the proton events. Figure 3 shows one of these 
events with finer time resolution in the 100 - 600 keV gamma ray 
range. A rapid oscillation is seen in a portion of these data. 
Precipitation of energetic electrons at high latitudes with 
rapid, complex time structure has been observed and interpreted 
previously (cf. Barcus, Brown, and Rosenberg, 1966; Thorne and 
Kennel, 1971; Imhof et al., 1977; West and Parks, 1984; Imhof et 
al., 1986.). 

Figure 4 shows a typical raw spectrum at the time of an 
electron event compared with a spectrum taken at a background 
minimum. The bremsstrahlung spectrum is relatively soft, the e- 
folding energy of the excess being ~100 keV. In contrast, the 
gamma-ray spectra of SAA passages typically differ from the low 
background regions in intensity but not in spectral shape. The 
spectral distinction of proton enhancements shows up primarily in 
the highest-energy charged particle spectra. 

#«KCEDINQ PAttE BLANK NOT RLM£l 
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Figure Captions 


Fig. 1 


Fig. 2 


Fig. 3 


Fig. 4 


The Nuclear Radiation Detector (NRM) on Spacelab 2. The 
primary detector components are indicated. 

Approximately 7.5 orbits of background data during the 
Spacelab 2 mission. Shown are the detected count rates 
in two gaunma-ray energy regions and the integral 
counting rate from the scintillation detector in 
coincidence with the plastic scintillator. Several 
regions of increased background due to trapped electrons 
(E) and protons (SAA) are indicated, superimposed on the 
underlying modulation due to geomagnetic latitude 
variations. The time resolution of the data is 20.16 s. 

The low energy gamma ray counting rate during the time 
of an enhanced, variable electron background. The time 
resolution is 0.504 s. 

Spectrum of low energy gamma rays during an electron 
enhancement compared with a normal background 
spectrum. The energy scale is approximately 1.5 
keV/chan. 
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OBSERVATION OP A STRONG GAMMA-RAY BURST ON THE SPACBLAB 2 MISSION 
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ABSTRACT 

A strong, confimed gaona-ray burst was observed by a background-monitoring scintillation 
detector on the Spacelab 2 mission* The peak of the burst was at 00:56:38 UT on August 5, 
1985* The large sise of the detector allowed observations up to 16 MeV %#ith high 
efficiency* A high data rate provided tiiiie->resolved observations over the energy range from 
60 keV to 16 MeV, limited only by counting statistics* 

The burst was dominated by a single peak, ^2 s %ride, with softer, lower-level emission 
lasting ^20 s after the main peak* There was no evidence for time structure less 
than **>0.2 a anywhere in the burst in any energy range* These characteristics are similar to 
a sizeable fraction (^25%) of bursts seen in the Konus catalog and we suggest that they are 
distinct from the more complex, "spiky* bursts and may have a different emission mechanism* 

In the energy range from ^560 keV to ^10 MeV, the burst peaks ^0*3 s before the peak at 
lower energies. Radiation in the energy range ^10 to ^16 MeV was detected at a confidence 
level of >96%, about 3 s before the lower energy radiation with roughly the same pulse 
width* This radiation is not detected during the main part of the burst* The energy of 
this burst in the range above 1 MeV is a significant fraction of the total burst energy, 
confirming the earlier 5MM results* 

INTRODUCTION 

It is 'now evident that gamma-ray emission from most bursts extends to energies well above 1 
MeV and that this emission contains a significant fraction of the total burst energy 
/I -3/* Thus it is increasingly important to obtain accurate spectral and temporal 
characteristics of this radiation* The MeV emission has cast doubts on thermal radiation 
being the dominant radiation process in these bursts* We report here the observation of MeV 
gamsa radiation from a burst on August 5, 1985* The availability of spectral Information on 
sub-second time scales has enabled us to observe significant differences in the burst time 
history as a function of energy* These may have important implications for the development 
of burst models* 

EXPERIMENT 

The Nuclear Radiation Monitor (NRM) was flown on the Spacelab 2 mission, July 29 to August 
6, 1985* The objectives and details of this monitor are given elsewhere /4,5/* The central 
detector is a 12*7 cm diameter, 12*7 cm thick Nal(Tl) crystal with a plastic anticoincidence 
shield* The detector is uncollimated and has a low-energy threshold of 60 keV* 

Scintillation pulses representing ganuna rays were accumulated with 5*25 ms time resolution 
in 12 energy regions* The first 11 energy regions were approximately logarithmically spaced 
from 60 keV to 30 MeV. The last region was the integral energy region above 30 MeV. In the 
lower energy regions, there were data gaps approximately 2 s in length every 20 s due to 
limitations in the onboard data system. At higher energies, time resolution was lacking 
during these same time periods. In addition to these 12 gamma-ray regions, there were 
narrow-channel energy spectra accummulated with a time resolution of 20 s* The data from 
these spectra are not used in the present burst studies due to their coarse time resolution* 


*Also Physics Department, University of Alabama in Huntsville 



RESULTS 
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Prior to our own data ^ulaXysi8r wa were notified of the occurrence of a strong gaoua-ray 
burst on August 5 by the Los Alamos group (J« Laros* private con*), who used data froe the 
gaousa-ray twrst experiment on the Pioneer Venus Orbiter (PVO) spacecraft. The burst was 
found in our data at 00:56:38 UT on August 5, 1985* This time of occurrence was fortunate 
since the burst was not occulted by the Barth and Spacelab 2 was in a low-background portion 
of its orbit, the rate being '^1000 c/s above 60 keV* Subsequently, the burst was discovered 
in data from instruments aboard the International Cometary Explorer (1CE)(J* Laros, private 
comm*) and two other Spacelab 2 Instruments: the cosmic-ray nuclei experiment (S* Swordy, 

private comm*) and the hard x-ray imaging experiment (G* Skinner, private comei*)* We have 
verified that the burst time profiles from all five observations were similar* 


Figure 1 shows the burst profile in five energy ranges, from 60 keV to 16 MeV* These 
counting rates are uncorrected for scattering and absorption by materials surrounding the 
detector and uncorrected for detector efficiency* Following the main peak, there is soft 
emission extending as a "shoulder* to the isain peak for another 4 s* This shoulder is very 
prominent below 100 keV but is almost entirely absent above 560 )ceV* Additional soft 
features appear up to ^20 s beyond the primary peak* These features have tine scales 
similar to the primary peak. Wo significant features are apparent on any tine scale less 
than '*0*2 s in any energy Interval. Wo precursor emission is seen at low energies. The 
peak of the emission in the energy range 560 keV to 2.8 MeV clearly precedes the lower 
energy peak by 0*3 s* There is no noticeable time delay between the peak at 100-560 keV and 
that below 100 keV* Significant eaission in the energy region 2*8-10 MeV is also present. 
This radiation also peaks before the lower energy flux by ^0*5 s* Only a single, narrow 


There is evidence for emission above 10 
MeV from this burst, preceding the lower 
energy peak by approximately 3 s, as 
Indicated in Figure 1 • Figure 2 shows 200 s 
of data in two energy ranges, 100 to 560 keV 
and 10 to 16 MeV. In the high-energy 
region, the most prominent peak in this 
sample of data occurs 3 s before the low- 
energy peak* This peak is between 3 and 4 
standard deviations above the background, 
depending on the bin width and phase. 

The statistical significance of the 
emission in the energy range 10 to 16 MeV 
was estimated by Monte Carlo simulations 
of the data set. If we test the 
hypothesis that there is eaission on the 
same time scale as the main peak at lower 
energies (-^2 s) anywhere in the time 
interval within 5 s of this peak, then the 
region indicated in Figure 2 has a 
positive excess at the (99.3±0*1)% 
confidence level. If a more conservative 
view is taken, testing the hypothesis of 
emission on any time scale between 0.3 and 
4 3 at any time within 10 s of the peak, 
then the peak sho%m is significant 
at (96.9t0.6)% confidence level. 

Based on time profiles alone, there may be 
a distinct class of gamma-ray bursts to 
which the August 5, 1985, burst belongs* 

This class has the follo%#ing 
distinguishing characteristics: (1) a 

single peak, 2 to 6 s In duration, which 
dominates the time profile; (2) secondary 
features, if present, have roughly the 
same duration and typically follow the 
moat intense peak; and (3) no time 
structure less than '0.2 s is evident. 

The most complete set of data available 
for the comparison of time profiles is 
contained in the Konus catalog /6/. Since 
spectral information in that catalog is 
limited, it is not possible to determine 
whether the spectral characteristics 



Fig. 1 . Gamma-ray burst observed on Spacelab 
2 in five energy regions with a time resolu- 
tion of 0.168 3* The background levels in 
each region are indicated by a dashed line. 
The starting time of the plot is 00:56:33 
UT, August 5, 1985. 




observed in the present burst are coanon to the others as vpsII* Piqure 3 shows the profiles 
of sone bursts of this class froe the Konua catalog* Roughly 25% of all bursts in the Konus 
catalog nay have the above characteristics* These bursts are contrasted with the "spiky* 
bursts which show complex tine structure either as isolated spikes or as unresolved features 
in longer bursts with many fluctuations on a tine scale of 0*2 s or less* 
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Pig* 2* Svldence for 10 to 16 HeV gansa*ray emission ^3 s prior to the peak of the low- 
energy emission* The statistical significance of this peak is discussed in the text* The 
peak occurs at t « 3 s in Piqure 1* 
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Fiq* 3* Examples of several single peak bursts from the iCcxius catalog from /6/* Time marks 
are shown every 5 s* The temporal structure of these bursts and the burst presented here 
are similar. 
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DISCOSSIOM 

For thm observed burst, we find that eaisaion above 1 HeV represents an important component 
of the total burst luminosity, confirming the earlier SHM results* In addition, the present 
data have sufficient time and energy resolution to show that the HeV emission peaks earlier 
than the lower energy flux* Preliminary estimates of the location (J* Laros, private comm*} 
indicate that the burst was observed through the Shuttle, introducing significant scattering 
and absorption* Nevertheless, it is apparent that the leading edge of the main peak of the 
burst is very hard, also confirming the earlier SMM results* Later burst features are 
softer; no significant emission is seen above 1 HeV* If the 10-16 MeV count rate excess 
represents actual source flux, then the early portion of the burst is extremely hard since 
the lower energy emission is just beginning to rise at that time* 

These new results reinforce the importance of fine time resolution spectral studies of 
bursts, particularly at high energies, as significant constraints for burst models /7,8/* 

In particular, if the appearance of high-energy photons prior to those at low energies is an 
ubiquitous feature of bursts or a class of bursts, current theoretical models nay require 
considerable revision* 
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Abstract 

The radiation environment of Spacelab-1 was 
measured by means of passive and active radiation 
detectors. Twenty-six passive detectors which were 
a part of the INS006 experiment were deployed in- 
side the module and In the access tunnel between 
the module and crew compartment. Four other pas- 
sive detectors which were a part of the Verifica- 
tion Flight Instrumentation (VFI) program were de- 
ployed In the module and outside on the pallet. The 
active detectors which were also a part of the VFI 
program Included two Integrating tissue equivalent 
Ion chambers and two small Xenon-filled proportio- 
nal counters placed In the module. Thermolumines- 
cent detectors (TlO's) measured the low LET (linear 
energy transfer) component ranging from 94 to 133 
mrads Inside the module, yielding an average dose 
rate of 10.0 mrads per day. about twice the rate 
measured on earlier shuttle flights. Nuclear track 
detectors Indicated substantial fluxes of highly 
ionizing H2E (high Z and energy) particles due to 
the higher Inclination of the Sl-1 orbit, which was 
57® as opposed to 28.5® on previous shuttle flights. 
An average mission dose-equivalent rate of about 
18.5 mrem/day was recorded which was approximately 
six times higher than measured on earlier missions. 
Neutron detectors Indicated v45 mrem for the flight. 
The two active Ion chambers measured accumulated 
doses of 125 and 128 mrads and yielded 17 and 12 
mrads for passages through the South Atlantic Anom- 
aly (SAA), The proportional counters yielded up to 
35 cps at northern latitudes due to cosmic rays, up 
to 200 cps In the middle of the SAA, primarily from 
protons, and up to 150 cps in the south horn of the 
electron belts, due primarily to brehrosstrahlung. 


Introduction 

In addition to personnel, the Spacelab missi- 
ons Incorporate many materials and experiments 
which are sensitive to the ionizing radiations 
found in Earth orbit. The radiation encountered Is 
complex In particle type and energy spectra, re- 
flecting Its diverse origins. Primary galactic and 
solar cosmic rays as well as trapped protons and 
electrons produce secondaries such as recoil nuclei, 
nuclear reaction products and brehmsstrahlung 
through Interaction with the materials of the spa- 
cecraft, its crew and Its cargo. The fluxes and 
energy spectra are dependent on altitude and Incli- 
nation of the orbit, on solar conditions, and the 
amount, type and placement of shielding materials 
in the spacecraft. Spacelab-1, flown on the STS-9 
mission, orbited at an altitude of 241 km, with an 
Inclination of 57® and 240 hours of flight time. 

*USF work performed under NASA contracts Nos. 

NAS8-34340 and NAS9-15337. 


The Inclination, considerably greater than for pre- 
vious STS flights, was expected to result In sub- 
stantially higher fluxes and dose rates of highly 
Ionizing HZE particles as well as neutrons. 

For the Spacelab missions In low Earth orbit, 
at low inclinations, the major components of the 
radiation are from the galactic cosmic rays and the 
energetic trapped protons. The HZE particles be- 
come more dominant as the orbital inclination is 
Increased. At high altitudes, such as In a geosyn- 
chronous orbit, trapped electrons become important. 
The radiation hazard from large solar flare events 
becomes significant as the spacecraft orbits are 
Increased In altitude and inclination and the geo- 
magnetic shielding 1$ correspondingly reduced^ 

This Is the case for orbits of inclination greater 
than 'lSO®, polar and geosynchronous missions In 
which, particularly during EVA, potentially lethal 
doses of protons can be encountered. In addition 
to these naturally occurring radiations, spacecraft 
may encounter trapped electrons from high altitude 
nuclear tests as well as gamma rays and neutrons 
from on-board auxiliary power sources. 

The various forms of radiation described above 
present a number of hazards to long-term space tra- 
vel in an environment such as that of Spacelab. The 
highly penetrating nature of OCR makes it impracti- 
cal to provide enough shielding to completely pro- 
tect the crew. An indirect hazard also comes about 
from the effects of radiation on materials and el- 
ectronics. Biomedical experiments in space may 
need to consider the possible effects of radiation. 
Although computer codes have been developed for 
calculating the environment Inside the orbiting 
spacecraft In specific orbits, a number of uncer- 
tainties exist including those in the proton models 
(about a factor of 2), the electron belt models 
(about a factor of 5) and fragmentation cross sec- 
tions of heavy Ipns Horeover, the shielding 

at any one location within the spacecraft Is only 
approximately known and may vary with changes in 
the quantities and location of supplies and equip- 
ment, the movements of the crew, and the orienta- 
tion of the spacecraft. The question of shielding 
poses one of the most difficult problems to solve 
in assessing radiation measurements. 


Description of Instruments 
Passive Detectors 

This was the first attempt at mapping the ra- 
diation environment Inside Spacelab. Measurements 
were made with a set of passive radiation detectors 
distributed throughout the volume inside the Space- 
lab-1 module. In the access tunnel and outside on 
the pallet. 
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Expgritntnt 1HS0Q6 detectors . Of the two dlf- 
ferent types of passive detectors selected for 
these measurefnents. twenty-six Passive Dosimeter 
Packets (P0P*s) and four Thick Plastic Sucks 
(TPS's) were employed. The POP's had dimensions of 
8.6 cm X 6.6 cm x 0.2 cm and each contained a set 
of Types 200 and 700 TLO detectors for the overall 
low LET dose measurement and two layers of 1 mm- 
thlck CR-39 plastic nuclear track detectors for the 
HZE particle measurement. Of these* 23 were deploy- 
ed In the spacecraft while the other three were 
ground controls. The TPS's had dimensions of 9.6 cm 
X 9.8 cm X 5.2 cm and contained TLD's* C8-39 and 
AgCl crystals. Three were deployed In the module 
and one was used as a ground control . The AgCl de- 
tectors provided Information on the fragmentation 
of galactic cosmic rays passing through spacecraft 
shielding as well as a better characterization of 
the directionality of the radiation field at given 
detector locations. The detectors were distributed 
over the Inner surfaces of the Spacelab vehicle and 
the tunnel connecting to the crew compartment. The 
26 locations represent a wide range of shielding 
distributions. 

A sketch of the Shuttle cargo bay is given In 
Fig. 1* showing the locations of four PDP's at the 
Spacelab module end cones and two POP's in the tran- 
sfer tunnel. POP's were also placed along the len- 
gth of the module In sets of three as shown in Fig. 
2, where a sketch of the module cross section at 
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Fig. 1 Sketches of the positions of the Sl-1 mod- 
ule end cones* with the locations of POP's TT, TS. 
FCT, FCB* ACT and ACB. 
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Fig. 2 Sketch of the view looking aft In the SL-1 
module at Racks 11 and 12. The positions of PDP's 
A* B and C are denoted* as are the positive X and Y 
directions. The X* Y coordinates of the three POP's 
art (1069, 0), (2107, 1813) and (32, 1813), respec- 
tively. 

Racks 11 and 12 is given. The sets of three are 
spaced around the periphery of the module at five 
longitudinal distances. They are distributed at 
approximately equal radial angles, as In Fig. 2, 
but the angles are rotated with respect to the mod- 
ule structure. Of the TPS's, two were forward in 
the module at opposite sides and one was at the 
middle of the module. 

VFI passive of detectors 

complemented thT IN5006 set. The detectors employ- 
ed were CR-39 polycarbonate plastic pairs of sheets 
for HZE particles; CR-39 in conjunction with ®L1F 
alpha-particle radiators, with and without Cd absor- 
bers, for thermal {<0.3 eV) and resonance (0.3 eV-1 
MeV) neutrons; mica in conjunction with fis- 

sion fragment radiators for high energy (>1 MeV) 
neutrons; nuclear emulsions for protons, and ^LiF 
(TLO-700) and Cap 2 (TLO-200) thermoluminescent de- 
tectors for the total doses. The CR-39 and mica 
sheets are nuclear track detectors (NTD's) with 
sensitivities appropriate to the registration of 
the particles emitted by the corresponding radia- 
tors. 

The detectors were distributed In two detector 
module types, PRO-M and PRO-P. Three PRO-M's were 
flown in the Spacelab module and one PRO-P on the 
pallet. The PRO-M's were identical except that 
only unit #3 contained neutron detectors. They were 
composed of stackable subassemblies of the same 
horizontal dimensions, with each subassembly con- 
taining a particular detector type. Each PRO-M was 
distributed in subassemblies, over three orthogonal 
Inner sides of a PRD-H container, which was a lar- 
ger box containing radiation detectors and sensi- 
tive materials. The distribution was as follows: 

a) One LET stack subassembly, with its cover 

plate, positioned on the X-face of the PRO-M 

container. 

b) The second LET stack subassembly, with its 




a 



cover plate* positioned on the Y«face of the 
PRO-M container. 

c) The third LET stack subassembly* with Its 
cover plate and a TLO subassembly, positioned 
on the Z*face of the PRO-M container. 

d) One nuclear emulsion subassembly positioned in 
the Interior of the PRO-M container. 

The PRO'S also contained metal samples for the 
study of Induced radioactivity from protons and 
neutrons. Photographic film samples were also In- 
cluded. Results from these measurements will be 
reported separately. 

For the third PRO-M, the configuration was the 
same as the two Identical PRO-M* s, with the follow- 
ing addition: the LET stack subassembly positioned 
on the X-face of the PRD-M container had the neu- 
tron fission foil subassembly attached to It. This 
subassembly was sealed around the edges with "Alu- 
minum Contact Tape." (Note: X, Y* and Z merely 
define orthogonal directions and should not be In- 
terpreted as referring to any fixed coordinate sys- 
tem.) 


The PRO-P, which was mounted on the pallet, 
contained three parts from the University of San 
Francisco: TLD's for total dose, a thick cylindri- 
cal plastic stack for calculation of Z and LET spe< 
ctra, and neutron fission foils for thermal, reso- 
nance, and fast neutron measurements. The sub- 
assemblies were cylindrical ly symmetrical and were 
aligned with the cylindrical axis of the PRO-P. A 
schematic drawing of a cross-section of the PRO-P 
is shown In Fig. 3. 



foam 


NSFC assembly 


TLD assembly 


jHZE assembly 


} neutron fissloi 
foil assembly 


Fig. 3 Cross-sectional drawing of PRO-P 
Active Detectors 


The VFl also Included two packages of active 
detectors (ARO's) which were designed to provide 
temporal information on the radiation In Spacelab, 
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and to the extent allowed by Inexpensive and simple 
instruments, Information about the main dose-contri- 
buting constituents. Each ARO package contained an 
Integrating tissue-equivalent ion chamber and two 
small Xenon-filled proportional counters. The Ion 
chamber^ sensitive volume was a 7 cm diameter gas- 
filled sphere. It was similar to one flown on Sky- 
lab In the D008 experiment^, but had a much higher 
sensitivity. The Spacelab units were set at about 
10 urads per Integration. Fig, 4 shows an ARO pac- 
kage which has dimensions of 20 x 20 x 9 cm and 
weighs 2.5 kgm. The proportional counters were 2.5 
cm diameter by 10 cm-long Xenon-filled units They 
are made from stainless steel cylinders and have a 
small beryllium window for calibration with low en- 
ergy radioactive sources (c.g., ^^Fe). One of the 
counters was surrounded with a copper sleeve 1.2 mm 
thick. The data was read out each second through a 
Spacelab computer remote Interface. 



Fig. 4 Active Radiation Detector 
(protective cover removed) 

The ion chamber responds to all Ionizing radia- 
tion at approximately the same rate as tissue. The 
proportional counters respond to about 85X of all 
charged particles fast enough to penetrate the coun- 
ter wall, and because they are filled with Xenon are 
also very sensitive to X-rays (brehmsstrahlung) . An 
extensive preflight and postflight calibration pro- 
gram was carried out. Pre- and post-flight calibra- 
tion values were in agreement within 5 percent. Ion 
chamber SN/1 which was located on top of Spacelab 
Rack No. 3 gave an output after each 6.1 i 0.3yrads. 
SN/2 In the bottom of Rack 3 was set at 10.4 ± 0.5 
prads per count. 

The proportional counter's discriminators were 
set for 5.9 keV whereas a fast proton (or electron) 
transiting the diameter would deposit 19,5 keV. The 
proportional counters’ rates were about 1/sec on 
the ground. 



Results 

Passive Detectors 

In Table 1 is listed the TLO-700 dose In Mreds 
end the observed fluence of HZE particles as a func> 
tion of spacecraft location. The overall absorbed 
dose varied fron <v97 to 143 nrads Inside the SL inod> 
ule. The observed HZE particle fluence varied fron 
12S to 43S tr/cm^ In CR>39 for particles with LET. 

In water greater than v(6 ktV/\m The correlation 
between dose and HZE fluence Is poor, as seen In 
Fig. 5, where the two values have been plotted 
against each other for all the POP's. Host of the 
TLD doses fall n the region frt>m 100 to 115 mrads 
while the track fluences vary by a factor of 2.5 
for these detectors. The two highest doses were re> 
corded at the tops of the forward and aft end cones, 
which suggests less shielding at these sites. How- 
ever, only the forward detector also had a higher- 
than-average number of HZE tracks. 

Some preliminary angular shielding distribu- 
tions have been generated for 23 of the POP flight 
locations^. These distributions give the shielding 
mass thickness for 512 equal solid angle bins. Av- 
erage shielding thicknesses have been calculated 
from these distributions and the TLD doses and HZE 
particle fluences are plotted against the average 
thicknesses In Figs. 6 and 7. The highest TLD doses 
(Fig. 6) were recorded by detectors which were 
among the least shielded, but the trend Is not con- 
sistent. Without the two highest dose values, the 
profile of the measurements would be nearly flat. 

The HZE track fluences (Fig. 7) show a large scat- 
ter of the measured values with little correlation 
between the variables. In both figures the standard 
deviations about the linear regression lines and the 
correlation coefficients demonstrate the poor fit- 
ting. The mass thicknesses for the angular bins 
range from slightly over 1 gm/cm^ to nearly 500 gm/ 


Table 1 Radiation 


cm^, although few values are over 160 gm/cm^. The 
average shielding thicknesses calculated from the 
distributions are not distorted by a few high val- 
ues, however, since all the POP sites have a simi- 
lar wide range of values. When TLD doses and HZE 
particle fluences are plotted against other shiel- 
ding parameters, such as the fraction of total sol- 
id angle about the POP sites which Is lightly shiel- 
ded (<12 g/cm^), there Is little Improvement In the 
correlation between measurements and shielding. This 
seems to Indicate that other factors such as changes 
In spacecraft orientation with time and direction- 
ality of the Incident radiation are also quite 1m- 



tlcle fluences and TLD doses for the POP's. 


aboard Spacelab-l^'**^ 


Detector 

location 

TLD dose 
(mrad) 

Observed HZE 
track fluence 
(cm**) 

Detector 

location 

TLD dose 
(mrad) 

Observed HZE 
track fluence 
(cm-2) 

PORT SIDE 



AFT END CONE 



B 

113.8 t 6.1 

367 X 55 

ACT 

141.0 X 8.7 

266 X 41 

0 

106.6 t 4.0 

297 ± 47 

ACB 

102.5 X 3.5 

286 X 39 

6 

103.5 i 3.4 

154 X 20 

FORWARD END CONE 



I 

110.8 t 3.4 

250 X 36 

FCB 

102.2 X 2.7 

245 X 36 

L 

106.4 t 2.7 

326 X 45 

FCT 

142.9 xlO.9 

435 X 59 

N 

107.0 t 4.8 

211 X 28 

SL-1 TUNNEL 



0 

104.1 X 2.8 

313 X 50 

TS 

122.3 X 7.2 

245 X 36 

P 

105.1 X 3.8 

167 X 25 

TT 

117.0 X 4.5 

286 X 39 

PRO-MI 

97.1 X 2.5 

193 X 28 

OVERHEAD CONTAINER No. 7 


PR0-M3 

109.1 X 2.8 

125 X 19 

PRD-M2 

98,7 X 2,5 

180 X 25 

STARBOARD SIDE 



PALLET 



C 

111.0 X 3.3 

305 X 45 

PRO-P 

189.8 X 6.9 

203 X 26 

E 

106.3 i 3.7 

380 X S3 

TPS MEASUREMENTS 



F 

106.9 X 4.5 

349 X 38 

rnnmm — 



H 

109.2 X 3.7 

167 1 25 

FCR 

102.0 X 2.6 


J 

109.7 X 2.6 

391 X 56 

STARBOARD FORWARD 



K 

104.3 X 3.1 

161 X 20 

FCL 

102.3 X 4.1 


M 

107.9 X 4.0 

292 X 47 

MIDDLE OF SPACELAB 


SU-1 FLOOR 



DC 

100.4 ± 1.5 


A 

105.8 X 2.6 

292 X 47 

CREW COMPARTMENT STS-9 


Q 

104.0 X 2.8 

216 X 28 

m 

T5T:2 X 3.1 

109 X 13 
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Fig. 6 Variations of the TLD (®L1F) doses with 
average shielding thicknesses about the 
POP's 



AVERAGE SHIEIOIHG THICKNESS (g/cm^) 


Fig. 7 Variation of the HIE particle fluenccs with 
average shielding thicknesses about the POP's 


portent to an understanding of the particular radl* 
atlon levels. 

An LET spectrum was generated from a popula* 
tion of particle tracks by measuring the major and 
minor axes of the tllptical openings of cones where 
two adjacent tracks formed when the particles pas* 
sed through the Interface of two CR*39 sheets. These 
measurements were converted to particle lET's by 
using calibrations of the CR*39 made with accelera* 
ted Ion beams. The spectrum Is plotted against log 
LET* In Fig. 8. where It is compared to other mea* 
surements. It 1$ seen that the Spacelab-1 spectrum 
extends to much lower In LET than do previous mea- 
surements. This Is an advantage of using the more 
sensitive CR-39 detectors. 

The average TLD dose for the Spacelab module 
detectors listed In Table 1 was 108.2 i 10.3 mrads. 
The average track fluence In the module was 265 t 
83 cm*2. This track fluence converts to a dose 
equivalent of 185 ± 57 mrem, based on the LET spec- 
trum and the relevant RBE values. From a calibra- 
tion of TLO efficiency versus particle LET it has 
been calculated that the HZE particles contributed, 
on the average, 8.2 mrads to the TLO measured dose. 
The low LET dose measured by the TLD's (QF*1) was 
therefore 100.0 t 10.3 mrads. By the same method 
the low LET doses found In the access tunnel and on 
the pallet were 111.4 ± 4.2 mrads and 184.3 ± 6.9 
mrads, respectively. The corresponding high LET 
doses were 185 t 18 mrem and 142 t 18 mrem, respec- 
tively. 

The proton track density was measured by the 
nuclear emulsions. The nuclear emulsion data Is 
subject to greater measurement error than that of 
TLD's or NTO's. An average of the measurements 
yielded 4.61 t 0.90 x 10^ cm*^ for proton fluence 
and 2.61 ± 0.54 x 10^ cm*^ for the fluence of par- 
ticles with 2 > 2. In addition to the statistical 
standard deviations given, there are systematic 
errors present which may bt of the order of t 301. 

It Is Interesting to note that the proton fluence, 
assuming an effective proton energy of 100 MeV. 
yields a tissue dose of about 55 mrads. This Is 
somewhat less than would be expected from the TLO 
doses In the module, which are assumed to be domi- 
nated by the protons, but the experimental and cal- 
culational errors In this number are large enough 
that a rough agreement Is indicated. 

As stated above, the neutron detectors were 
composed of ^LIF radiator foils In conjunction with 
CR-39 NTD’s, and Th radiator foils In conjunction 
with mica NTO's. The ®L1F/CR-39 detectors were used 
with and without 1 mm-thlck Cd absorbers In order 
to discriminate between thermal (<0.3 eV) neutrons 
and resonance (0.3 eV-lMeV} neutrons. The Th/mica 
detectors measured the high energy (>1 MeV)neutrons. 

The *L1F radiators were 4,5 mg/cm^ In mass 
thickness. The 2* response to thermal neutrons Is 
5.6 X 10*^ alpha particle tracks/neutron from the 
front side (through the CR-39) and 4.1 x lO'^tracks 
/neutron from the back side (through the ^LIF). For 
a single film of ®L1F against one surface of the 
CR-39, the averaged An response Is 4.9 x 10*^tracks 
/neutron. With films of HlF in contact with both 
surfaces of the CR-39, each surface has a 4i res- 
ponse of 4.1 X 10“^tracks/neutron. The CR-39/®LlF 
detectors In the PRO-P had films of ^IIF on both 
sides of the CR-39 NTO while those In the PRD-H had 
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other measured and calculated examples. The cosmic- 
ray Fe data were calculated. The earlier measure- 
ments were with Lexan polycarbonate and cellulose 
nitrate NT0*s; CR-39 was used on Spacelab. 


a single film. The response to resonance neutrons 
was calculated to be 2.15 x 10*** alpha particle 
tracks/neutron, assuming a moderated neutron spec- 
trum with a shape proportional to 1/En through the 
resonance energy range. 

The Th radiators were approximately 0.13 g/cm^ 
In mass thickness, which exceeds the ranges of the 
fission fragnents produced by the interaction of 
high energy neutrons with the Th nuclei. The Th/ 
mica detectors therefore have the maximum achiev- 
able sensitivity. These detectors are also sensi- 
tive to high energy protons, since protons of en- 
ergy >17 MeV can produce nuclear fissions in Th. 

In determining the detector response to neutrons 
the proton contribution to measured track densities 
must be corrected for. An exact treatment of this 
problem requires that both the neutron and proton 
spectral shapes and their relative fluences be 
known. These properties and relationships were not 
measured on the Spacelab-1 mission. Assumptions 
were made based on past spaceflight measurements 
and on calculations of atmospheric spallation neu- 
tron spectra. Consequently there could be a large 
error In the calculated detector response. This 
method has been previously described a res- 

ponse of 2.5 x 10"^ tracks/neutron was calculated 
for the Th/mica detectors, where the total track 
densities on the nice were used. 


Only flight units PP.0-M3 and PRD-P contained 
the neutron detectors. Ground control units were 
included for both flight units. These were used to 
provide the corresponding backgrounds for the flight 
measurements. After post- flight disassembly of the 
detectors the CR-39 and mica samples were etched and 
scanned at 200X under an optical microscope. Track 
densities were converted to neutron fluences and 
dose and the results are shown In Table 2, where the 
measured doses are summarized. The standard devla* 
tions of the measurements which are given In the 
table are from counting statistics only. The pallet 
detector Indicates a more highly moderated neutron 
spectrum than does the module detector. This sug- 
gests that a large volume of hydrogenous material 
may have been placed near the pallet detector. 

Active Detector Results 

During the Spacelab-1 flight there were some 
data dropouts so the record was not continuous, but 
the orbit pattern repeats every day so that a mis- 
sion dose was extracted. Data covering 541 of the 
mission was obtained. ARO SN/1 recorded a mission 
accumulated dose( extrapolated to total mission 
time) of 125 ± 7 mrads. SN/2 showed 128 ± 7 mrads. 
The experimental errors shown are calibration uncer- 
tainties only, and error sources such as temperature 
changes, long-term drift, and the data gap extrapo- 
lation are still being assessed. 

The temporal Information on dose contributions 
can be seen In Fig. 9 which shows the response of 
the Ion chamber and proportional counters of ARO SN/ 

1 during a period of the mission. Fig. 9 shows an 
hour of data which misses the trapped belt regions 
(either the SAA of the Inner belt or cusps of the 
electron outer belt)^^. Here it Is seen that the 
dose rates and proportional counter rates vary slow- 
ly, and have a maximum value at north and south 
(geomagnetic) latitudes and a minimum near the equa- 
tor. The main dose contribution here Is due to the 
galactic cosmic radiation which 1$ modulated by the 
Earth’s field (geomagnetic cut-off), fig. 10 shows 
an hour during which the orbiter passes through the 
center of the SAA region and shortly after leaving 
the SAA passes through a cusp of the electron belts. 
Early In the hour the proportional counters clearly 
show the high latitude cosmic ray Induced rate fol- 
lowed by a low rate near the equator, a high rate In 
the SAA, and again a high rate In the electron belt 
horn. The 1on chamber dose accumulation Is high 
during the first 10 minutes (cosmic rays), low near 
the equator, very high during the SAA passage, and 
only slightly more than the cosmic ray accumulation 
during the electron cusp passes. The latter behavior 
Is due to the sensitivity of the Xenon-filled pro- 
portional counters to brehmsstrahlung X-rays whereas 
the ion chamber Is “tissue-equivalent’* (of low atom- 
ic number absorber). The radiation inside the Spa- 
celab module during the electron horn passes is ap- 
parently not the primary electrons but brehmsstrah- 
lung X-rays caused by the electrons scattering In 
the module structure. The ratio of the shielded to 
the unshielded counter rates was near unity except 
during SAA and horn passages. During SAA passages 
there was a slight reduction In the shielded counter 
but during horn passage the ratio dipped as low as 
0.6. This observation, and the ion chamber dose 
rate indicate that the main radiation constituents 
within Spacelab-1 are charoed particles (protons)ln 
the SAA passes and X-rays (brehmsstrahlung) during 
the electron horn passes. 
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Table 2 Sumnary of passive measurements* 



Fluence (cm"*) 

Oose Equivalent 
(mrem) 

Nodule TLO Low-LET 


100.0 X 10.3 

Tunnel TLO Low-LET 

• 

111.4 X 4.2 

Pallet TLO Low-LET 


184.3 X 6.9 

Nodule HZE HIgh-LET 

265 t 83 

185 X 57 

Tunnel HZE HIgh-LET 

266 s 27 

185 X 18 

Pallet HZE HIgh-LET 

203 t 26 

142 X 18 

Nodule Nuclear Emulsions 

Protons 

4.61 t 0.90 X 10» 


l>2 

2.61 t 0.54 X 10* 


Nodule Neutrons 

Thermal 

1.1 X 1.1 X lO** 

0.01 X 0.01 

Resonance 

5.2 X 1.6 X 10$ 

2.5 X 0.8 

High-Energy 

7.1 X 0.6 X 10* 

42 X 4 

Pallet Neutrons 

Thermal 

4.2 X 1.3 X lO** 

0.04 X 0.01 

Resonance 

1.5 X 0.2 X 10* 

7.3 X 0.8 

High-Energy 

7,6 X 0.7 X 10* 

45 X 4 


Nodule Total Dose 
Pallet Total Oose 


330 t 70 
379 t 46 


The errors of the constituent fluences and doses are those due to measurement 
statistics. The errors of the total doses are the best estimates of the total 
errors (o). 


ARO SN/2 shows a similar behavior, but the 
proportional counter rates are somewhat lower due 
to the shielding of the equipment and structure in 
Rack 3. 

Discussion 

The passive dosimeter results on Spacelab*! 
showed some marked differences with measurements 
made In the crew compartments of previous STS fll* 
ghts and also with crew compartment measurements on 
STS-9. The low LET dose rate of 10.0 mrads/day 1$ 
about twice the rate found on flights previous to 
STS'9, and nearly equal to that In the crew compar- 
tment of STS-9 (10.1 mrads/day) The high LET dose 
rate of 18.5 mrem/day Is about six times higher 
than that four ' on earlier flights and also 2.4 
times higher than found In the crew compartment 
(7.6 mrem/day) on the STS-9 mission. The total 
neutron dose of 4.45 mrem/day, in the module. Is 
2-4 times higher than found on the previous STS 
flights where similar measurements were made. There 
were no high energy neutron measurements made In 
the crew compartment on STS-9, but the resonance 
fluences measured there were approximately the same 
as In the module. 

High energy neutron doses were not measured on 
the majority of the STS-mIsslons, so a comparison 
of total doses cannot be made. On the basis of the 
low- and hIgh-LET doses, however, the dose rate In 
the Spacelab module (28.5 mrem/day) Is about 3.5 
times higher than on previous flights and 1.6 times 
higher than In the crew compartment of STS-9. 

A summary of some of the passive dosimetry 
data from U.S. manned spaceflights. Including the 
TLO data from Spacelab-1, Is given In Table 3. Data 
from several later STS flights are also Included 


for comparison. The variations of dose rates with 
the type of mission and with orbital parameters Is 
clearly seen. 

The Ion chamber In SL-1 showed a mission accu- 
mulated dose of 125 ± (74-) mrads near the top of 
Rack 3 and 128 t (7-*>) mrads In the bottom of Rack 3. 
The accumulated dose was mostly due to galactic cos- 
mic rays and protons In the SAA. Ion chamber dose 
accumulation during passage through the SAA region 
was determined by choosing those segments of data 
where the proportional counter rate significantly 
Increased and then determining the number of Ion 
chamber counts In those regions. Ion chamber SN/1 
accumulated 17x1 mrads and SN/2 accumulated 12 t 1 
mrads during the SAA passes (extrapolated to total 
mission time). Since SN/2 Is In a location with 
more effective shielding the relative dose Indicates 
some absorption of the protons. These SAA doses are 
13S and lOX of the total Ion chamber dose respect- 
ively for periods when the data was available. Nost 
of the remaining (tissue-equivalent) dose comes from 
the cosmic ray flux. The Xenon- filled proportional 
counters, which had a count rate of <vl cps average 
on the ground, had count rates of up to 35 cps (av) 
at northern latitudes due to cosmic rays, up to <v200 
cps (av) in the middle of the SAA (mostly due to 
protons and some X-rays) and up to 150 cps (av) In 
the south horn of the electron belts, primarily due 
to brehmsstrahlung X-rays produced by electrons In 
the Spacelab structure. 

The detectors used In these measurements are 
responding to radiation that has been modified by 
the Spacelab and STS shielding. The cosmic rays are 
modified least. The SAA electrons and low energy 
protons are stopped by the structure and those re- 
maining have their spectra modified. The Intense 
electron flux In the horns Is mostly absorbed In the 
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fiq. 9 Active radiation detector SN/1 response for one hour 
shoeing variations mostly due to galactic cosolc rays. 



2250 LONG 340<> LONG 450 LONG 9QO LONG 


Fig. 10 Active radiation detector SN/1 response for one hour 
showing variations due to galactic cosmic rays. South 
Atlantic Anomaly particles and South Horn electrons. 

SL structure but the bretosstrahlung X-rays pene- can be seen fro* Ftg. 9. A 28.5* inclination orbit 
trate into Spacelab. Muld have a nuch reduced cosnic ray component (6CR) 

to the dose. The electron belt horns would not be 
The Blsslon dose and particle count rates on seen at inclinations below about 45° whereas at 
other missions will be quite dependent on the orbi- higher inclinations than 57° the brehmsstrahlung 
tal parameters. The SAA proton flux increases intensity would significantly increase, 

rapidly with altitude^, while the cosmic ray flux 

does not significantly increase. The fluence of The SL-1 active detectors ^ive no information 

the SAA particles is at a maximum around 40° orbi- on individual components of the radiation such as 
tal inclination where the spacecraft spends the neutrons or the heavy cosmic rays which produce the 

maximum time in the Anomaly region. The cosmic ray high LET tracks with their high relative biological 

flux will vary according to orbital inclination as efficiency. These detectors also produce no data 
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TABLE 3 Dosimetry Data from U.S. Manned Spaceflights 


Flight 

Duration Inclination 
(hrs/days) ■ (deg) 

Apogee-Perigee 

(km) 

Average Dose 
(mrad) 

Average 
dose rate 
(mrad/day) 

Gemini 4 

97.3 hrs 

32.5 

296 - 166 

46 

11 

Geolnl 6 

25.3 hrs 

28.9 

311 - 283 

25 

23 

Apollo 7* 

260.1 hrs 



160 

15 

Apollo 8 

147.0 hrs 


lunar orbital flight 

160 

26 

Apollo 9 

241.0 hrs 



200 

20 

Apollo 10 

192.0 hrs 


lunar orbital flight 

480 

60 

Apollo 11 

194.0 hrs 


lunar orbital flight 

180 

22 

Apollo 12 

244.5 hrs 


lunar orbital flight 

580 

57 

Apollo 13 

142.9 hrs 


lunar orbital flight 

240 

40 

Apollo 14 

216.0 hrs 


lunar orbital flight 

1140 

127 

Apollo 15 

295.0 hrs 


lunar orbital flight 

300 

24 

Apollo 16 

265.8 hrs 


lunar orbital flight 

510 

46 

Apollo 17 

301.8 hrs 


lunar orbital flight 

550 

44 

Skylab 2** 

28 days 

50 

altitude * 435 

1596 

57 £ 3 

Skylab 3 

59 days 

50 

« « 435 

3835 

65 e 5 

Skylab 4 

90 days 

50 

. > 435 

7740 

86 s 9 

Apollo-Soyuz 






Test Project 

9 days 

50 

" * 220 

106 

12 

STS-2T 

57.5 hrs 

38 

• * 240 

12.5 s 1.8 

5.2 

STS- 3 

194.5 hrs 

38 

• » 240 

52.5 t 1.8 

6.5 

STS-4 

169.1 hrs 

28.5 

“ « 297 

44.6 £ 1.1 

6.3 

STS- 5 

120.0 hrs 

28.5 

“ - 297 

27.8 £ 2.5 

5.6 

STS-6 

120.0 hrs 

28.5 

“ • 284 

27.3 £ 0.9 

5.5 

STS-7 

143.0 hrs 

28.5 

" « 297 

34.8 £ 2.3 

5.8 

STS-8 

70/75 hrs 

28.5 

• «297/222 

34.8 £ 1.5 

5.8 

STS- 9 

240.0 hrs 

57 

“ « 241 

101.1 £ 3.1 

10.1 

STS-9 (SL-1) 




100.0 ±10.3 

10.0 

STS-41B 

191.0 hrs 

28.5 

• « 297 

43.6 £ 1.8 

5.5 

STS-41C 

168.0 hrs 

28.5 

• « 519 

403.0 £12.0 

57.6 

STS-410 

145.0 

28.5 

■ 297 

42.0 £ 2.8 

7.0 

STS-41G 

29/19/148.5 

57.0 

• 352/274/224 

82.4 £ 2.4 

10.0 

STS- 51 A 

192 

28.5 

• 324 

94.3 t 4.9 

11.8 


*Ooses quoted for the Apollo flights are skin TLD doses. The doses to the blood-forming 
organs are approximately 40X lower than the values measured at the body surface. 

**Mean thermoluminescent dosimeter (TLO) Skylab dose rates from crew dosimeters. 
tSTS data is an average of USF TLD-700 (^LfF) readings. 


on energy spectra of the radiation components, with 
the exception of some qualitative data on the brehm- 
sstrahlung component, and SAA protons. 

Conclusions 

We have reported here the results of passive 
and active radiation measurements on SL-1 which pro- 
vide the most comprehensive picture yet given of 
the radiation constituents in a large spacecraft in 
low Earth orbit. Because of its low altitude and 
short duration, Sl-1 was relatively benign in terms 
of total radiation dose. Some of the measurements 
such as the high-LET particles and neutrons have 
biological significance and potential effects on 
future experiments (e.g., gamma ray experiments) 
that are not at present fully assessed. The mea- 
surements clearly show the variety of phenomena 
that must be understood before extrapolation to 
other orbits or spacecraft shielding situations is 
possible, and before effects of long exposure at 
higher altitudes, such as in the space station, can 
be assessed. 
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ABSTRACT 


To maasura tha radiation anvironmant In eha Spacalab (SL) nodula and on cha pallet, a sac 
of passive and active radiation dataetors was flown as part of tha verification of flight 
instrunantation (VFI) . SX.1 carried 4 passive and 2 active iatector packages 'diich. with 
tha lata from tha 26 passive datectors of Experiment INS006, provided a comprehensive 
survey of tha radiation anvironmant within the spacecraft. 312 carried 2 passive VFI 
inits on tha pallet. ThamoLumlnescent dosimeters (TLO's) maasxired the low linear energy 
transfer (LET) dose component; the H2:s finance and LET spectra -.^ra mapped with CR-39 
track detectors; thermal and epithermal neutrons were measured with the use of fission 
foils; metal samples analysed hy gamma ray spectroscopy measured low levels of several 
activation lines. The TLO's registered from 97 mo 143 mrad in the SL1 module. 3ose 
equivalents of 330*70 mrem in the module and 356*37 rarem on the 3L2 pallet were 
measured. The active anits in the SL1 module each contained an Integrating tissue- 
equivalent Ion chamber and two differently-shielded xenon-filed proportional counters. 
The lon-ch»bers accumulated 125 and 123 mrads for the mission with 17 and 12 mrads 
accumulated during passages through tha South Atlantic Anomaly (SAA). The proportional 
counter races (—1 cps at sea level) were —100 cps in the middle of the SAA (mostly 
protons). -35 cps at laroe Teomagnetic latitudes (cosmic rays) and -100 cps in Che Soucn 
Horn of the electron belts (mostly bremsstrahluncr) . Detailed results of these 
measurements and comparison with calculated values from radiation environment and 
shielding models are described. 
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TlM radiation onvironaant within tha Spaealab oodula and on tha pallat ara of intarast to 
many who will uaa tha facility. Tha bloaadical caoBunity. yamaa ray aatronooMrs and 
othars -with radiation aansitiva datactors. axpariiaantars with photographic toatarlal, thosa 
with Instraaants containing tsany microcircuits sansitiTa to "singla avant apsats." ate. 
naad tha radiation to ba char ac tar izad. Sinca tha aabiant cesadc ray and trappad bait 
radiation is censidarably aodiflad by tha shialding of tha Spaealab and tha shuttla mass, 
and sona constitoants ara producad by intaractions . pradicting tha coaplata radiation 
•nvironsMnt within tha lab would ba a fotnidabla problem. Tlncertaintias in tha trapped 
proton flux (~ factor 2) and electrons (- factor S) currently exist. The cosmic rays 
interact with tha structure producing a variety of secondary particles and fragmenting the 
heavy nuclei. Soma trappad protons are absorbed or Lnteraict producing nautrons. tarqat 
spallation products, or recoil nuclei. The trapped electrons are mostly absorbed in the 
structure, but generate penetrating bremsstrahlung photons. Predicting the radiation is 
further' complicated by the complex shielding distributions, by various attitudes of the 
spacecraft in tha semawhat directional primary radiation field, and changing shielding due 
to consumables and equipment or crew movements. 

The initial step in fulfilling future user's need for radiation environment information on 
Spacelab (SL) were the preflight predictions /V and the radiation measurements performed 
on SL1 and SI.2. The predictions used simplifed shielding distributions and predicted only 
rad lose and the fluence of protons and electrons as a function of shield thickness. 

The measurements were performed both by selected experiments ( principally INS006 on 5LD 
and by instruments of the Teriffication Flight rnstrumentation (VFX) Program on 31.1 and 
3L2. Measurements were made with passive letectors of total mission dose, lieavy nuclei 
fluence and linear energy transfer (LET) spectra, neutron fluence. activation of metal 
samples, and effects on photographic and nuclear track emulsions. Simple electronic 
detectors were used on SI.1 to determine temporal variations of dose and count rate due to 
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cosmic rays sad trappsd proaons atid slsctroas* SL2 also carrlsd. a gmau ray spsearomscsr 
(ths ^uelsar Radlacion Monitor) in ths vyi program which asasursd ths gamma ray background 
spsccrom and its tsmporal behaviour in the payload bay* Itssults from it are discussed in 
paper MIX. 2.7, this conference* This set of measurements covered many of the phenomena 
required to characterize the radiation environment within a complex spacecrafts and offers 
. a large set of data to compare with calculations from radiation models* 

In this paper we present results of radiation dose measured with thermoluminescent 
dosimeters (TLO's) and ion chambers* and compare them with preflight predictions and 
postflight calculations using actual shielding >iistributions* The elecronic detector 
results on tsmporal variations* and conclusions about the principal dose constituents are 
discussed* The heavy ion and neutron Cluence and the biological dose equivalent (rem) 
measured with nuclear track detectors and neutron fission foil detectors are 

presented* Postflight taeasurements of rssidxial induced activity in the activation cnetal 
samples ' are discussed* Results f ran the exposure of nuclear track emulsions and 
photographic .materials will be reported separaeel/* The preflight predictions and recent 
calculations using actual .shielding distributions are compared with the measurements* 
Implications for future radiation prediction programs (a.g*, for .the space station) are 
discussed* 


INSTRUMENTS .AND TECHNIQUES 

?he measurements reported here are from IS passive -.’.etector packages .of 3L1 experiment 
INS006 /!/* i passi'/e and 2 active detector packages of the TFZ orooran 73/ on 311. and 2 
passive '/?! packages on 31.2. The instruments are summarized in rigure l. 

The I^lSOOS experiment packages were in 2 conf igurations* Twenty-three Passive To.eimeter 
Packets (POP’s) and 3 Thick Plastic Stacks (TPS) were flown. The POP's contained a set ac 
ZiF thermoluminescent dosimeters (TLD’s) type 700 and CaF2 -00 “w low linear energy 

transfer (IST) dose measurements and two 1 ma thick sheets of CR-39 nuclear track 
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d«tt*c”eor* for SSS ion) «»aaur«m*nt*. Th« TPS paekagaa containad TLO's, CR-39 

shMts; and AqCl crystal track dstaceors to artsnd ths tasasursmsnt of HZE particlas bslow 
ttha threshold of ths CR-39 detectors. The CR-39 detectors had a normal Incidence 
threshold of tZT^(HjO) • 40 kev/uo ecpiivalant to tninimm ionizing 2 - 15. The threshold 
was 3 keV/um and 2-7 for SL2. The 1NS006 packages were distributed at various locations 
within the S p ac ei *b nwdule and in the access tunnel to the shuttle crew coepartments . 
These locations were at a wide range of average and minixsom shielding which are further 
described in reference /4/ and section V7. 
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SPACELAB 1 RADIATION MEASUREMENT PACKAGES 

ACTIVS HAOtATIOM OgTECTOWS (VSM 


gaiBHVS saoiaTlOW QgTtCTOWS IVSM 

nuNSAMsin 
TSACxneiuioM 
THtHMOLUMlMCSCSNr OOStMtTCnS 
KZt D l T lC TO m (cn«39l 
NfumoM pnswKm poits 
4CT1VAT10M MIATCfItAU 






nsni8 CQUIVALIMT 
tOM CMAIMMfl 
PWranTIOMAI. COUNTCAS 



2.7%# 

4.4 WATTS. 28 VOC 
DATA 32 8A8W1 MATS 
2 ANAtOQ MWASUAf MINTS 


PASSIVE OOStMCTEW PACKETS (1NS006) 

HZI OtTICrOAS lCII-381 
THIAMOtUMINiSCINT OOSIMf TIMS 


/ 9.8 cm / 



THICK PT-AST1C STACKS UNS006I 

H2I OITfCTOAS <CA-39I 
HZI OCTICTOM (A# c^ > 
rHIAMOlUMINf SCINT OOStMiTCAS 


Fig# 1e Oaceccor pacKaga configurations for experiment TNS006 and Verification Fiight 
Instrumentation on Spaceiab 1 • 
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Ths V7t pmmmLrm radiation datector (PHD) packa^s warn in tao confl<;uratlona. Tha paaalva 
radiation datactors on tha pallat (?PD^9*s) wara in harmatrically saalad cylindrical 
containars* Tha paaaiva radiation datactors in tha modtila (PHD-^*s) vpsra in sheet natal 
boxes* SZ»1 carried three Pno^*s and ona SXi2 carried two PRO*P*s* Tha PKD*s all 

contained Tt.0*3 for low LET total doum, CR*39 for HZE Masur emants # photographic film, and 
nuclear track emulsion samples* Ona PPD-M and tha ?nD**P on SZ»1 and ona PRO<-P on SL2 
contained fission foil neutron datactors and toatal activation samples* Tha PRO-»P*s 
contained discs of CR'*39 and other tiatector arrays 3 cm in diameter. Each PHD-M contained 
three orthagonally placed suhassamblias of HZE detectors consisting of sheets of CH-39, 2 
X 58 cm^ in area* Tha CR«39 threshold is incident angle dependent and this arrangement 
allows the omnidirectional HZE fluence and directional dependence to be sampled. 

The neutron detectors employed CP-39 track detectors in contact with ®LiF alpha radiators ^ 
with and without Cd absorbers, for discriminating thermal (<0.3 eV) and resonance (0.3-1 
:^eV) neutrons. Mica track detectors were placed in contact with Th fission fragment 

radiators to measure >1 neutrons. For single interface detectors the response of the 

^Li?/CP-39 detectors was calculated to be 4.3 x 10*^ ;^tracks in CP-39/thermai neutron and 
2.15 :< 10**^ X tracks in CP-39 /resonance neutron (assuming a moderated l/Tn neutron 

spectrum through the resonance energy region) . The high energy detectors were also 
sensitive to protons above 17 MeV which can cause ^ission In Th. Deriving the high energy 
neutron fluence requires assumptions about the proton and neutron fluences and spectra, 
which cause uncertainties in the results. The method used here has been previously 
described '5,5/. A response of 2.S x 10^^ fission fragment tracks in nxea/high energy 
neutron was calculated. r»urther ietails of the neutron letectors are in Reference 4. 

The rwo 'TFT Active Radiation Detector (ARD's) packages on 31,1 each contained an 
incacrating tissue-equivalent ion chamber /7/ ^nd two xenon-billed prooortlonal counters 
These rather simple omnidirectional detectors were designed to neasure temporal 
variations of radiation dose and count rate due to cosmic ray nuclei, trapped protons and 
electrons, and bremsstrahlung x-rays from electrons stopped in the SL structure. The :.on 
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ehaoibttrs had a sansltlva gaa veluaa of 180 ai^* PrafUghC callbratlona of tha Ion 
ch am ba rs an 6*1 t0*3 urads and 10.4 ± O.S unada par ualt ounpue viara raprodoead aftar tiha 
within 5%. Tha proportional countars (?C*s) had a sansltlva voluaa of ~o0 cm^ and 
countad a«ieh ionizing avant with anargf daposition greatar than S.9 leaV in tha gaa (about 
3S% a£ tha chargad particlas and 2% of 100 kaiT photons ara countad) . In tha laboratory 
tha 9C*s count rata was — 1/sae. Ona 9C of two in aach unit was surroundad by a coppar 
sl aara 1 g/ea^ thick which would absorb >40% of 100 kaV photons. Tha ABD'a wara placad In 
tha top and bottom of aquipaaint rack 3 In tha SL1 modula. A PRD’-M was placad basida each 
ABD. 


Rasults of Maasurewantts 

Tha Spacalab 1 aission flaw for 10 days at *>2S0 '<n altltuda and S7* inclination. Twanty-> 
nina passiva and two activa datactor packagas ware used at a variaty of shielding 
locations in tha module and tunnel, and ona ?BO'-P was on tha pallet. Spacalab 2 flaw at 
«31S kra; 49. S* inclination for 3 days. Two PBD-P packages with almost identical shielding 
ware in tha payload bay. ifa first sumarize the maasuremants of total radiation dose with 
tha TZD's and ion chambars, and then discuss the temporal behavior of tha dose and count 
rata from the active letectors. Maxt tha HZC particle and neutron finances and the 
mission biological dose ara presented, and finally activation of metal samples is 
discussed. Table 1 summarizes the results. 

The Spacalab 1 TLO*s in the module registered low lET doses ranging from 9.7 * 0.3 to 14.3 
S 1.1 mrads/day (total registered lose divided by 10). The average In the nodule was 10.0 
mrads/day. The TL0*s in the ?RO-P behind 1.0 g/cm“ minimum shielding registered 19.0 z 
0.7 mrads/day. On 31*2 the two sers of TLD's in the payload bay behind 1.25 vj/cm** minxmum 
shielding registered 31. ^ i t.o and 31.3 t 1»3 mrads/day. The location of individual 
measurements is further iescribed in reference 4 and the sample shielding tlistrlbutions 
and comparison with environment calculations are discussed In the next section* 
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rhm Ion chambnr doM tnaasursiMn^ had numy dana gaps# lyxt 54% of tha mission was 
covarsd* Tha avaraga dosa ra^tas wars 12«5 ±0*7 and 12«3 i 0«7 mrads/day in tha top and 
bottom of rack 3« TLO oaasursmanns in adjacant ?R0^*3 ragisnarard 9.7 t mrad/day and 
10.9 t 0«3 mrad/day# raspac^tivaly# Tha ion chaadsars thus appaar to maasura about 20% 
highar valuas than tha TLD*s» Part of this is doa to tha *tli0*s Lowar sansitivlty to haavy* 
nuelai* As discusaad latar# about 95% of tha SL1 modula dosa conas from cosmic rays# and 
tha TL0*s ara lass sansitiva to vary haavy rxuclai than singly chargad particlas. An exact 
calculation of tha axpactad differanca would raquira a transport calculation for tha haavy 
riMlai including slowing and fragmentation# which has not baan dona* A simplified 
astiaata using tha primary cosmic ray relative abundances in magnetic rigidity and a TLO 
dosa calibration with haavy ions /9/ indicates about 15% difference* Other potential 
contributions are systematic biases in calibration and biased environment sampling due to 
data gaps* 

Tha temporal inf ortnation from tha ion chambers and proportional counters allowed an 
assessment of tha relative contributions of the cosmic rays and trapped belt particles, 
rigure 2 is a 1-hour segment of data from one ion chaunber and the two PC *3 in the same 
unit* This shows variations in ion chamber dose integration and proportional counter 
races due to cosmic rays (with the expected geomagnetic iependence); and the trapped 
particles in the South Altantic Anomoiy ( SAA) region and the south *'horn** of the electron 
belt. The observation that the ion chamber dose rates in the south-horn region are not 
significantly different from rates at other high latitude portions of the orbit suggest 
that the high proportional counter rates there ire lue to bremsstrahlunq photons produced 
by electrons stopping In the spacelab structure. The high proportional counter rates in 
the SAA are iue to the trapped protons that produce the increase in 1C lose rate in that 
region. The relati'/e absorption efficiency of photons in the low atomic number gas In th*e 
tissue-^equi valent ion chamber and high atomic number gas ( :<enon) In the proportional 
counters enables this distinction Ln the :neasurements* 
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TABlig 1 Soonary of MaMuranants on SLI and SL2 



Fluanca (oa*^) 

Oeaa SqalT. (oraai) 

SLI (10 Days) 



Medula TLO loir-liac (avaraga) 


100.0 t 10.3* 

Tunnal TLO Ia*r-LET (avaraqa) 


111.4 t 4a2* 

Pallan TLO low-LST 


184.3 t 6.9* 

Modnla TLO low-LSS (ranqa) 


97 to 143 

Modola EBS hl9lit-UE7 * 

26S t 33 

185 t 57 

Tonnal HZS high-Lan a 

266 t 27 

185 t 18 

?allae ebz hi^h-LST a 

203 ± 26 

142 t 18 

Modttla nuelaar aaoLalona 



?ro«ona 

4.61 * 0.90 X 10^ 


Z > 2 

2.61 t 0.54 X 10^ 


Module neutrons 



Thamal 

1.1 i 1.1 X 10'* 

0.01 t 0.01 

^sonance 

5.2 * 1.6 X 10^ 

2.S i 0,3 

High-enargy 

7.1 i 0.6 X 10^ 

42 * 4 

Pallet aeatrons 



Thermal 

4.2 t 1*3 X lO'^ 

0a04 t 0.01 

Resonance 

1.3 r -0.2 X 10* 

7.3 t O.a 

High-energy 

7.6 S 0.7 X 10* 

45 i 4 

Module total dose 


330 t 70 

Pallet total dose 


379 i 46 

Ion chamber SN1 


125 r 7^ 

Ion chamber SN2 


128 r ?♦ 

PCI anshielded (10-150 cps ) 



PC1 shielded (10-110 cps) 

• 


SL2 '3 Tavs) 



Pallet TLD low-LET 


245 r 12* 

Pallet H2E high-CET ^ 

493 t 46 

269 i 25 

Pallet neutrons 



Thermal 

1.4 i 0.3 X 10* 

3.14 t 0.03 

Resonance 

2.0 i 0.4 X 10* 

9.7 t 2.2 

High-energy 

5.4 t 1*2 X 10* 

32 r 7 

Pallet total dose 


556 i 37 


*Oose in mrads. ^ Moca -Ilf f erences in CR-~39 ttireshold on SI<1 and SL2« 
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?lg« 2* Count rate of two proportional counters and ion chamber accumulation at high 
northern Latitudes^ the geomagnetic *%cuator/ the SAA, and the electron horn. 

Che segments of the ion chamber hata indicating the SAA by temporal behaviour of the ?C 

count rate comprise 0.13 of the average :nission ‘lose for the top ion chamber and 0.10 for 

the one in the bottom of rack 3. These small fractions nay be somewhat biased by IC fata 

gaps, but show dearly that the iose in the 3L1 orbit is iominated by the cosmic rays, as 

predicted by pre-flight calculations /V. The calculations also show that trapped protons 

would dominate above -350-400 <m for similar locations in the opacelab nodule. 

Occasionally at large geomagnetic latitudes, sudden increases in proportional counter 
rates occurred as shown in rigxire 3. 3rerasstrahlung photons of -100 <eV characteristic 
energy are indicated by the relative count rates of the shieide<i and unshielded 
proportional counters and the lack of significant lose rate above that expected from 
cosmic rays. The intensity was occasionally - twice that obser'/ed in the undisturbed 
south electron lorn and episodes lasted from a ^ew to -500 seconds. Seventeen significant 
episodes occurred in the approximately five lays of ARD data, more ^recmentiy near the end 
ijf the mission. These events resemble trapped electron ••precipitation** events previously 
observed /I0,11/, and work is in progress to classify them. This phenomenon may be 
significant for experimenters with photon sensitive instr\iments« 
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riq* 3* One hour of ARD dara in which the SAA and electron horns are noz encountered* 
I«arqe flucruations in the ?C count rates are due to bremsstrahlung photons* 

The low fraction of dose due to trapped particles in the SL1 tTKXiule makes assessment of 
the trapped environment and its absorbtlon by shielding somewhat uncertain* Analysis is 
also complicated by the variation in attitude of the shuttle 'oecause the trapped particle 
angular ilstrlbution is directional with more particles arriving nearly perpendicular to 
magnetic field lines in a ’’pancake'* distribution* To aid in assessing the SAA and south 
electron horn effects, contour maps of the radiation were assembled* Because of the short 
mission times and data gaps the maps were constructed by averaging data around 
jeographical points (e.g., within and smoothing* Olsplayed in figure 4 are the lose 

race from two IC*s and one of the PC's in the SAA region. That the two IC's are In 
different shielding situations Ls obvious* Comparisons between the IC and PC maps show 
high PC count rates in the south "electron horn" region, but the IC's have no significant 
dose accumulation there. This is due to the relatively high sensitivity of the PC's to 
bremsstrahlung photons as previously noted. 


10 




T!hm avwaqlag and smoothing In tnaking tha maps raduca count rataa and doaa rataa actually 
obaaxTTad naar tha cantar of tha SAA* Thaaa ^aluaa ara found by taking miiM aiopaa of 

rataa obaarvad in dlract data shorn in ?lgura 2* Tha taaxiimim obsarvad rataa about 

20% highar than tha map contours in tha cantar of tha anomoly* 

Tha 3ZE haavy ion fluanca v#as ^aaurad on SI.1 with tha CR-39 datactors that had a 
thraahold sanaitivlty of » 40 kaV/ym ( ralati viatic Z « 15 at nort&al incidanca to tha 

CK*-39)» For SL2 tha threshold was 8 kaV/ua (Z « 7). With thasa datactors a track fluanca 
at various locations batwaan ^25 t 19 and 43S t, 59 particlas/ca^ wars obaarvad for tha 
mission* Tha variations ware ^ost likel/ dua to fragmentation of tha heavy cosmic ray 
n\xclai in varied shielding ■ind shuttle attitudes# but no calculation has yet bean dona to 
verify this* An average of bi<Dlogical lose equivalent diia to thasa particles is 18«S t 

1.0 .Tirsm/day in tha SL1 module* On the 3L1 pallet behind about 1 g/coT minimum shielding 
*> 

the H2E fluancas was 203 z 16 rarticles/ca“ for the mission# giving a biological dose of 
14*2 z mrem/day. For Spacalab 2 the HZE fluence for tha 3-day mission ware 495 
and 489 in tha two ?RD-?* giving a dose equivalent of 34 t 3 mrem/day 

for LET^(H^O) > 3 keV/mrem. 

The neutron fission foils produced data on thermal (0.3 eV) # resonance (0.3-1 :ibV) , and 

high energy (>1 MaVl neutrons. set of fission foils In the SL1 module (PRD-M) 

measured mission fluences of Z 1*1 ^ lO"*/ctti- for thermal# 5.2 t l.o x 10 ,'cm* for 

* ^ 

resonance# and 7.| ^ 0.6 :< ’0' 'rm* for high energy neutrons. This gives a total module 
neutron 'fose of -i.4 t T.5 mre*-’/ iay. The respective values for pallet mounted ?RD-? were 
4.2 r 1.3 :< 10“^/cm*# 1.5 z 3.1 •< "^.6 Z 3.7 x 10^/cm"# and 5.3 Z 3.3 mrem/dose# 

respectively. The errors ira 'rom track counting statistics. The neutron lose on the 
Spaceiab 2 pallet was 4.2 z ^*1 mrem/day. 
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rig. 4. Maps of doss isoconfours 
in ths 3AA for ion chaisbsrs i and 
2. Ths PC coune rats for ths 
coontsr in ARD t (unshisldsd) is 
also shown* Ooss ratss for ths 
ion chambsr in ths top of raeie 3* 
shown in 4(a)/ ars highsr in ths 
csntsr of ths SAA than Cor ths 
ons in ths bottom of rack 3/ 
shown in 4(b). Ths contours of 
ths proportional counter 4(c) 
show high ratss in ths south 
horn, nsar longituds 30 • S. 


4 (a) 



4 (b) 
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tbm sum of th« low ISS dos« from th« 'BUJ's* th« RZS doa«> and t±« nautron dOM gl^raa tha 
total biological doaa eqol valent. Thaaa viara 33.0 t 7.0 raren/day for tha SX.1 module. 37.9 
± 4.6 3 iraai/day for tha SL1 pallet, and 69.9 i 4.6 mrem/day for tha SC>2 pallet. Aa haa 
bean pcevloualy pointed out /4.12/ tha aaaaura valuaa of tha low LST doaa rate on SLt are 
about twice aa high am tha doaa oaaaured on prevloua STS mlsalona which ware flown at 
similar altitudes but 28. S* Inclination. Tha combined lew and high ISS rates (33 tsrea day 
in tha module) is about 3.S times higher than the previous shuttle missions. This Ls a 
consaquenee of the much larger cosmic ray contribution to the dose at 57*. 

.'letal samples (Co. Ti. Hi. V) S.O cm square and 0.32 cm thick were included in two SZ.1 and 
one gr.? ppo's in order to measure activation of materials in the Spaeelab/Shuttle 
environment. Gamma rays from activated spacecraft and detector systems are a major source 
of background in gamma ray astronomy. Tha samples were counted in a low- level ganma-ray 
spectrometer facility -within 10 lays of their return from orbit. The only activation 

? 9 

isoi:ope found to be well separated from the background was Co in a cobalt samplee A 

CQ 

"larginal detection of Co was found in t.he nickel samplee ?*rom Spacelab 2, t.he measured 
activity in the “’3 jram cobalt sample was 70 ^ counts per sec. Corrrecting for 

detector -efficiency/ self-absorption and decay following recovery/ the activity at the -nd 
of the flight was 3.52 t 0.06 dps/kg. The saturated activlt:/*/ the activity which would 
have been reached if in orbit for nuch longer than the 71 lay half-life of Co^^/ is 5.9 z 
0*7 ips/kg* The activation found on Spacelab 1 was about one-third that of Spacelab 2. 
These low levels are due to the short mission time ind low altitudes* 

Sa 59 59 53 

There are two nain production nodes for Co from the Co target: Co (p/pn) Co and 
Co^^ 't/Cn) Co^®. Although it is not possible to distinguish berween the production 
modes / it is believe<l that the fluxes of activating neutrons and protons are coenparabie at 
the sample location. The cross sections for the above reactions are within a factor of 
two in the energy range of interest { »20 MeV to 100 MeV) . 'Tsing a mean cross section of 
200 mb for the production of the activating particle fluence is estimated to he 
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5.2 t <3*7 X lO^/em"^ for th« mission. Th« tolral flusnc* of nsurron Ctob tbm fission foils 
plus prorons fros ths nuclssr track aomlslons Is vi.S x 10^/ca^. Considering the low 
lavsls of aetlvarlaa and analysis uncsrtalnrlas. ths agr e sswnt: Is rsasonabls. 

Comparison vitth Calculations and Discussion 

Ths radlatrlon snvironmsnr to bs anblcipatsd within Spacslab was calculacsd in t975 with 
ths Earth's magnstlc fisld sxtrapolatsd to 1980 /I/. Ths calculations includsd Vstts's 
/13/ AP8 aiay trapped proton environment, ths AE4^AE6 electron environment /16/ and the 
cossdA ray environment /17/. Calculations were made of radiation dose and proton and 
electron fluence for a simplified mass model of the Spacslab and for spherical shells. 

tnien comparing the preflight predictions with the measurements an obvious difficulty is 
the complexity of the actual shielding distribution compared to the simplified ones used 

in the predictions. A second difficult/ is that the doses for the 3L1 and SIi2 altitudes 

2 

are dominated by the cosmic rays at shielding lepths >2 g/cm (where most of the detectors 
are) , and thus measured dose is relatively insensitive to the trapped belt environment. 

The tables /1/ indicate that at spherical shielding depths of 10 g/em^ for 3Z.1 the dose 
should be -*20 OTads/day^ and at 40 g/cnr, ^10 nrads/day. The measiired average 3L1 -nodule 
lose was 10.0 OTads/day -with the arithmetic average shielding depth for various detectors 
varying between 14 and ^6 g/cm**. the 3L1 pallet the had a cover (insulation, 

aluminum housing^ etc.) of 1.0 g/cm", but Less than a 2r view of the sky. The tables 
-would indicate about -*100 mrads/day if view angle and a 1 g/cm" spherical shield is 
considered. Slectrons, followed by protons, would contribute most of the calculated 
dose. The ?RD-? measurement was 13.9 mrad/day. The conclusions from the above 
comparisons were that the environment models used most Likely overestimate the trapped 
particles, and that t.he simple shielding distributions -were too simple for comparisons 
with measurements. We can also speculate that orbiter attitudes may have a large 
influence at thin shielding locations* 
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^ undartakttn som recent calculat:lons to illuminato tho shielding distribution 

problan* ?or a sanipXa of shislding locations in ths SL^ noduls and in ths ttumsl ws hat^ 
ussd actual shielding distributions /1 4/ and defined a shielding measure, the ’*dpse 
weighted depth,” as described below* For the thinly shielded ?RD«9*s on SL1 and SL2, we 
have calculated dose from a ”thin slab” model, since actual distributions from these 
locations -were not yet available* We also calculated the expected count rate in the 
proportional counters due to breesstrahlung X rays (ffrosi the trapped electrons) • The 
remainder of this section describes these calculations and comparison with the 
measurements • 

The relevant components to the chairged particle radiation environment are the 
geomagnetically trapped protons and electrons^ and the galactic cosmic ray nuclei* For 
these calculations the proton fluxes -#fere obtained from the Vette proton model A98MIN /13/ 
using the 1965 magnetic field model /15/ projected to 1964, the apoche of the flux 

model* The electron fluxes were obtained from AESMIN /16/ and the same field model* 
Galactic cosmic ray lose predictions which were taken from reference 17 include 
geomagnetic effects and ionization loss, and slmpLlf led corrections for interactions. 
Johnson Space Flight Center /14/ provided the mass iistributions for 512 directions 
surrounding TLO Locations from a geometrical model of the Shuttle and Spacelab* The 
calculations assume an isotropic primary oairticie flux, which would he the case for a Iona 
iuratlon spinning spacecraft* It is only a rough approximation for Spacelab* 

The results of lose calculations for the different radiation components are compared to 
the measured TLO doses in Table 2. This table contains only about 1/3 of the TLD 
locations, hut represents the range of shielding thicknesses in the module and tunnel. 

The one on the pallet is discussed later. 

The arithmetic average of the shield thicknesses along the 512 directions about the 
locations is in column 1* The spherical shell thickness that would result in the 3 ^ulle 
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cantral dOM as tbm calciilatad do«« shown ia celuan 3 is la coluam 2. This is callsd th« 
*doM wsighhad d«pth>* Th« doss wwlghtod dspth is dspsndsnh on ths SRwironasntal nodsls 
and orbitai parasMtars* Coluon 3 is tha dos« dua to alactroas and bramsstrahluag 
caleulatad using tachaiquas dascribad in cafaranea /13/. Tha alaetron doaa Craction ffrora 
aaeh diraebion is approidjnatad assuming aa infiaita plana shiald of appropriata thicicnass 
for than diraebion. Columns 4 and S ara tha proton and galaebie eoasde ray doaas 
caleulatad ia tha "straight ahaad" approxiaatien /19/ through tha shialdiag 
distribution. Tha total caleulatad dosa is in coIusb 3 and tha naasurad TLO dosas in 
column 7. Tha caleulatad valuas hava not baan c or ra e tad for tha raducad sansitivity of 
tha TLD's to haavy nuelai /9/. Tha caleulatad and naasurad dosas from this tabla ara 
shown in ?igura S. 


TABLE 2 Spacalab 1 Shialding and Total riission 3osa at Saapla 
Locations in tha >todula and Tunnal 


irithmatic 

Average 

Shielding 

Sosa 

'4aightad 

Average 

Shielding 

Electron 

3ose 

?roton 

Dose 

Galactic 
Cosmic Aay 

Oose 

Total 

Gose 

'Measured 

TLD 

Dose 

{ g/ca"1 

{ g/ca“) 

(mrads) 

(mrads) 

(mrads) 

(mrads) 

(mrads) 

55 

20 

13 

22 

57 

120 

103.7 * 2.7 

t4 • 

•3 

4 

57 

110 

170 

122.3 t 7.2 

19 

5 

4 

52 

110 

160 

102.2 t 2.7 

23 

3 

56 

52 

110 

220 

142.9 t 10.9 

26 


5 

44 

100 

ISO 

102.3 r 3.5 

26 

3 

49 

53 

100 

210 

141.0 t 3.7 

57 

25 

14 

17 

56 

120 

105.1 r 3.3 

34 

12 

18 

26 

100 

140 

104.3 i 3.1 

29 

11 

7 

37 

100 

150 

105.3 r 2.6 

56 

30 

•3 

15 

51 

100 

109.2 z 3.7 

45 

25 

4 

18 

93 

120 

109.7 i 2.6 

The agreement 

between the 

predicted 

and :neasured 

doses is reasonable 

considering the 


isotropic flux assiiaption. the ancectainties in the 4nvirorunehc nodels. and the shielding 
distribution approximations. 3eyond about 10 g/ca" (dosa weighted <iepth) tha cosmic rays 
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eon«ribaea alaose all of th« dosa. Th« thra* loeacions viith tha laaae shlalding hava 
hlghar deaas than tha cast dua to tcappad pastielas. Tha naasucamnts aca otaslottsly Io««ar 
than calctilatad at thaaa locations indicating that tha trappad amrironmant oiodals ttiay 
pcadlct too larga a flux* Tha diserapaaey batwaan affactiva shiald as daflnad by tha 
arithaatic and dosa -^aaightad aaacaga shlalding is notawocthy. Using tha arithaatic 
avaraga oaarastiaataa tha affactiva shlalding. Poe axasipla tha locations with waightad 
shlalding c£ 3 g/ca^ had shlalding of batwaan 1.0 and 1.S g/ea^ osar of tha total 

solid angla. Thus much of tha diffaranca batwaan iosas at thaaa points and tha cast is 
dua to thin shlalding ovar a small fraction of tha solid angles. In Tabla 2 tha electron 
ccagionant does not follw the dose weightad dapth monotonically. This is becausa the 
electron contribution to the dose is a vary steep function of shielded dapth halow 2 
g/ca~, and small solid angles with thin shielding have a large effect. 
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Tig. 5. Calculations oslng vector shielding of 3L1 module radiation dose \t M locations* 
7LO and ion chamber measurements are also shown. 
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Th« TLO's in th* paetegss on th« Spaealab pallac wara loeatad Inalda tha top of tha 
cylindrical packaqa. On Spacalab 1 tha and eovar ovar tha TLD's was 1*0 g/ca^ thick and 
on Spacalab 2 it wa 1»2S Vactoc shialdin^ distributiona wara not arrailabla at 

thasa locations* Tha various cnponants of tha doaa bahind an infinita aluaintn plana 
with ixifinita back shialdinq ara shown In Tabla 3 for tha Spacalab 1 and 2. Tha 
calcttlatad Spacalab 1 doaa bahind 1 .0 q/ca?’ is a factor of four hichar than tha owasurad 
pallat "iv-Q doaa of 18*9 nrad/day. tha ealculatad Spacalab 2 doaa bahind 1*2S g/cm^ 
intarpelatad free tha tabla as 49 tqrad/day is also highar than tha 31 larad/day obsarvad. 


TABLE 3 Doaa Ratas at a point Banaath an Infinita ?lana 
of iluBinun with Inflnitaly Thick Back Shialdin? 


Plane 

Electron 

Proton 

Cossiie <^y 

Total 

Thickness 

Oes. 

Oese 

Oose 

Oose 

(g/cm“) 

( mrads/day ) 

( mrads/day) 

(mrads/day) 

(mads/day) 

Soacelab ^ 

(250 ■m 37«) 




0.5 

530.0 

7.4 

6 

540.0 

1.0 

68.0 

3.1 

6 

79.0 

1 .5 

7. 1 

4c 1 

6 

17.0 

2.0 

0.70 

3.5 

6 

10.0 

3.0 

0.34 

2.7 

6 

9.0 

40.0 

0.0074 

0.026 

5 

5.0 

Soacelab 2 

(315 <m 49.5") 




0.5 

300.0 

33.0 

3 

340.0 

1.0 

41.0 

24.0 

5 

70.0 

1.5 

4.4 

19.0 

3 

28.0 

2.0 

0.38 

16.0 

5 

21.0 

3.0 

0.16 

13.0 

5 

18.0 

40.0 

0.0025 

0.36 

4 

4.0 


The thin slab dose values are calculated “or infinite shieldinc behind the detectors. In 
the actual jeomecry some galactic cosmic rays would penetrate the structure below to add a 
contribution to the dose. The last table entry at 40 g/cm" is a rough •astimate of this 
contribution through tha "infinite" back* 
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Th« ARD p«ckaq«s ««ch eoncaJLnttd a shlaldad and unshialdad proportional coontar* Tha 

actlva region in each coonlar waa 7 aa long and 2«5 aa in dlaaMtar and tha shlaldlng 

conslstad oC a eoppar slaava 1*27 oai chick* Tha hlghase counCar racas from cha PC's ware 

observed in Cha Soatit AClanClc Anoaaly and an high ladtodes sou'Cheaac of Africa where the 

south ’^om" of cha outer electron bait 'aaa eneountared. Typical peak count rates were 
around 100 counts/ sac in both regions* Tha estlnatad response of cha proportional 
counters Co bransstrahlung in cha cantar of cha Cha south horn and cha SAA are shown in 
Table 4* Tha brasnatrahlung photon speecrm behind an infinite plana slab of the given 
thickness was coaputad using the electron spacers shown in Table 3. 


Tha electrons ware assumed co be isotropically incident on tha slad)* Tha count rate was 
obtained by equation 


s(S) (1 - e 


-u(E)X 


)dE 


where )(E) is cha differential photon flux, u(S) is the :nass attenuation coefficient at 
photon energy 2. A is the area of the detector/ and X was the detector thickness. As a 
rough approximation/ we took as 2.5 x T cai""/ the area as seen from the side of a 
cylinder/ and X as 2.5 cm. The caicuiaced count rates (Table 4) in the ’•horn** are in fair 

agreement wxth the observed count races. The calculated bremsstrahiong count rate from 

electrons in the SAA is - 2 orders of magnitude lower than observed, confirming that 

protons contribute almost ail PC counts in the SAA. ?lg\ire n shows the bremsstrahlung 

photon spectrum as a function of planar shielding !epth. 
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TABLS 4 Sscioiacad MaxlflRn 1,. ?roport:lonal Couxt'tar Raeaa doa to 
"""araiiiaatrahlung froB Trappad Balt Zlactroha In tha Stl Orbit 


Shielding 

Thieknaas 

( g/car) 

Horn 

Count Bata 
(Counts/s) 

South Atljuttle Anmoly 
Count Bata 
(Counts/s) 

2.0 

200 

6 

5.0 

60 

2 

10.0 

20 

0.5 

TABUS S 

Blaetron Integral Spectra for 

Spacalab i froa AESMln at epoch. ' 

Slactron 

electron Horn 

South Atlantic Anomaly 

energy 

Max. Integral ?lux 

Max. Integral Plox 

(MaV) 

2 

( electron/ca -s ) 

( electron/ ca^ -a) 

OaOS 

4.08 X 10^ 

1.37 X 10^ 

0.25 

1.93 X 10^ 

1.39 X 10”* 

0a5 

1.01 X 10^ 

2.57 X 10^ 

ua 

4.70 X lO"^ 

4.68 X 10^ 

T .3 

1.93 X 10"^ 

1.30 X 10^ 

2.0 

7.93 X 10^ 

7.99 X 10^ 

2.3 

3. S3 X 10^ 

3.36 X lo'' 

3.0 

1.44 X 10^ 

4.69 X 10^ 

3.75 

1.27 X 10^ 

0 


?tgura 6. sremsstrahling Photon 
Snergy Spaetra 3aneath Oifferene 
Plane Shielding Thichnesaaa, 
Calculated Using Che electron 
Horn Maximum "lux In CABtS 5 . 
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Th« larg* ROBb«r of passlw dacsetors at dlffarant locations ^ th« naasuraosnt of tha 
dlffaraat anrlronmant eonstltuants^ and tha tamperal Infostnation froa tha aetlva datactors 
prasantad aa axtansiva# although not oaaplata> survay of tha radiation anvlronaant within 
Spacalab !• Cosmic rays producad most of tha dosa at all locations in tha Spacalab 
tnodula. Only at a faw datactor locations was tha desa significantly abeva that expactad 
from tha cosmic rays alona (Tabla 2 , Plgwa 5). This was dua to tha larga shialding 
dapths (*«14^6 g/cn^ asithmatie avaraga) of tha Spacalab-Orbitar structura, and tha low 
altituda* Oatactors that had low shialding dapths (< 1.S g/ca^) ovar significant solid 
anglas ragistarad tha largast dosa in tha nodula. ?or thasa datactors* tha fraction of 
tha naasurad dosa attrlbutabla to trappad particlas is about t/2 tha ealculatad valuas. 
Shialding distributions for tha laast shialdad datactors ( Spacalab i and 2 pallet 
datactors) wars not yet available* An infinite plane slab was vised to calculate doses* 
which ware a factor of 4 and 2 times those measured with the TtO's. 

Comparison of the calculated doses with the set of TLO and ion chamber measurements 
(Tables 2 and 3* and Cigure 4) indicate that the trapped flaxes from tha models may be too 
large. Because the calculations use an omnidirectional flax, and the Spacelab 1 and 2 
attitudes and short mission times may not fulfill this assumption, this tentative 
conclasion needs further testing. 

The steep trapped electron and proton spectra cause small solid angles about detectors 
subtended by light shielding (< 2 g/cm") to dominate the traoped particle dose 
component. Thus a "dose weighted shield," calculated with the ivailable trapped 
environment models was found convenient to place the measured doses in order with respect 
to shielding. ?or a massive spacecraft such as this, an accurate vector shield model is 
necessary before accurate loses can be predicted (e.g., <*or the space station cluster). 
For gravity gradient stabilized spacecraft the directional characteristics of the ambient 
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radlacioa may naad to b* conaidsrsd* Th«M eoiuildaratloiia baeoaa mora iaportaat a^ 
altltodas abov* 350-400 'm. whara eha trappad coaponana bacoaaa doalnaai:. 

Tha aedva dacaetors/ although vary slapla/ allowad saparatlon of doaa contributions from 
coaaie cays» trappad protons# and bramsstrahlun? frca alaetxuns* Thasa ttiaasurenants 
indleatad that 35-90% of tha reuliatloa dosa in tha Spaealab 1 modula v«aa causad by cosmic 
rays» that almost all modula dosa in tha SAA is from protons; and that high anargy X-rays 
causad by trappad alaetrons in tha "south horn ragrlon” ara intansa but causa Ilttla of the 
dosa* anaxpactadly fra<;uant occurrancas of bremi^ahlung photon "bursts#* apparently frcra 
alaetrons "pracipitatln?" from tha trappad bait viara obaarvad* Tha ion chamber mission 
doaa ( 128 nrad) and tha TXD dosa ( 109 mrad) ara consistent if tha TLO results ara 
co r r a c ted for relative insansitivity to heavy ions* 

Tha HZS particle flux maasuremants '^ith tha C8-39 track detectors indicate a large 
aqui valent dose from these particles# as expected from tha large cosmic ray 
contribution* Tha low LET dosa was a factor of 2 and tha doaa aquivalant a factor of 3*3 
that observed at 23*3* and similar altitudes. 

The observed total neutron fluence (~i.2x10^ avcT^) in the module and '*2.3x10^ cm“^ on the 
pallet) were about 2.3 to 3 times the charged particle fluence measured with nuclear track 
emulsions* This is compatible with measurements in Sky lab /20/, which had a similar 
spacecraft mass and inclination# but higher altitude. 

The detectors used here give no information about some aspects of the environment such as 
the energy spectra of individual charged particle species# or e.g.» temporal variations of 
neutrons. However, this ensemble of passive and active detectors has given good sur-rev of 
the radiation constituents in a complex spacecraft and indicates the advantages end 
efficiency of coordinated measurements with passive and active detectors. These 
measurements and calculations indicate the cempLexity of accurately predicting ail 
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